Background. Our goals were to describe azithromycin (AZI) pharmacokinetics in maternal plasma (MP), fetal plasma (FP), and amniotic fluid (AF) following intra-amniotic infection (IAI) with Ureaplasma in pregnant rhesus monkeys and to explore concentration-response relationships.
Intrauterine infections are an important and potentially preventable cause of preterm delivery. Such infections cause the majority of very-low-birth-weight (VLBW) deliveries, which are characterized by a birth weight of <1500 g and delivery before 30 weeks of gestation. VLBW accounts for the highest rates of neonatal deaths, the most serious neonatal complications, and a disproportionate share of perinatal healthcare costs [1] . Intrauterine bacterial infections can cause inflammation of the fetal membranes, chorion, and amnion (chorioamnionitis). Ureaplasma urealyticum and Ureaplasma parvum are the microorganisms most frequently isolated from placenta with chorioamnionitis in women with preterm labor (47%) [2, 3] . Moreover, these bacteria are also the most common organisms isolated from the respiratory tracts of preterm infants and have been associated with neonatal pneumonia, severe respiratory failure, and bronchopulmonary dysplasia [4] [5] [6] [7] . Among newborn infants, the frequency and severity of ureaplasma infection varies inversely with gestational age and weight, occurring most frequently among preterm infants with VLBW [8] . Indeed, detection of ureaplasmas in the chorioamnion is associated with delivery at <37 weeks gestational age [4, 9] . Intra-amniotic infection (IAI) often manifests without the mother's knowledge, making accurate diagnosis difficult and early intervention challenging to forestall upregulation of proinflammatory mediators that precede preterm birth and also play an important role in fetal and neonatal sequelae. Eradicating ureaplasma infection in pregnant women with chorioamnionitis could delay delivery and prevent complications in newborns. While Ureaplasma species lack a cell wall and are therefore resistant to β-lactam antibiotics, these bacteria are susceptible to macrolides and fluoroquinolones [4] . Tetracycline resistance occurs in up to 50% of ureaplasma clinical isolates because of the tetM transposon [4] . Isolated case reports demonstrate that it is possible to eradicate Ureaplasma species from the amniotic cavity by maternal administration of erythromycin [10] . However, in subsequent case reports, the rates of preterm delivery in treated versus untreated patients were similar, suggesting incomplete treatment or recolonization of the amniotic cavity [11] . While postnatal treatment with erythromycin is often ineffective at eliminating airway colonization with ureaplasmas in VLBW infants [12] [13] [14] , macrolides remain the treatment of choice, especially in pregnant women and neonates [15] .
Azithromycin (AZI) is a 15-membered semisynthetic macrolide antibiotic in the azalide subclass with some structural similarity to erythromycin, but with a prolonged duration of action, improved tissue penetration, a more favorable side-effect profile, and extended range of antimicrobial coverage [16] . Previous cross-sectional studies indicated that transplacental passage of AZI occurs at low rates and that the levels found in fetal plasma (FP) reach 2.6% of the levels in maternal circulation [14, 17, 18] . Several studies have demonstrated that AZI concentrations in tissues of the respiratory tract, including lung tissue, were several-fold higher than circulating AZI concentrations, providing promise that AZI will be useful against ureaplasmal infections in fetal lung tissue [19] [20] [21] [22] . However, because of the limited placental permeability of AZI, there is controversy about whether antenatal antibiotic interventions prevents preterm labor, prolong gestation, or otherwise improves perinatal outcomes [23] [24] [25] . The use of prenatal antibiotics is debated with regard to the treatments' ability to prevent early labor, prolong gestation, and improve perinatal health. Conflicting results in the literature may be attributed to potential confounders and variations in study design [26] [27] [28] [29] . There is now an urgent need to study specific antibiotic regimens for defined pathogens, to evaluate placental transfer, understand the pharmacokinetics and pharmacodynamics, and establish biological plausibility for the treatment of intra-uterine infections.
In the rhesus monkey (Macaca mulatta), hemochorial placentation, endocrine characteristics, anatomy, and singleton fetus pregnancies are analogues to those of human pregnancy and therefore permit longitudinal pharmacokinetic studies with serial sampling of both maternal and fetal compartments that is not possible with human subjects [30] . We provided proof of concept for the use of a specific macrolide antibiotic to eradicate U. parvum from the amniotic cavity and fetal tissues in the rhesus monkey [31, 32] . This maternal treatment targets amniotic fluid (AF) proinflammatory pathways and results in prolongation of gestation and reduced fetal lung injury [32] . Our goal was to extend this study to characterize the pharmacokinetics and pharmacodynamics of AZI in the maternal, fetal, and intra-amniotic compartments through modeling and to explore the relationships between U. parvum eradication and AZI exposure.
METHODS

Rhesus Macaque Model of U. parvum-Associated Chorioamnionitis
Our well-characterized nonhuman primate model of U. parvum IAI has provided preliminary data on the ability of AZI to eradicate intrauterine Ureaplasma infection, and we have used this model further to evaluate AZI pharmacokinetics and pharmacodynamics in this system [24, 31] . Protocols and procedures were approved by the Institutional Animal Care and Utilization Committee of the Oregon Health Sciences University, and guidelines for humane care were followed. Sixteen timed-mated pregnant rhesus monkeys (term is equal to day 168) were adapted to the vest and mobile catheter protection device at approximately 115 days of gestational age. Animals were catheterized (mean [±SD], 121.6 ± 1.1 days of gestational age; range, 115-127 days of gestational age) to implant maternal femoral artery and vein catheters, 2 open-tipped intraamniotic catheters (for inoculation of bacteria, AF sampling, and uterine activity recording), and fetal electrocardiographic electrodes, as previously described [33] . Intravascular catheters were also placed in the fetal jugular vein and carotid artery for the analysis of AZI concentrations in the fetal circulation. Animals received tocolytics (ie, terbutaline sulfate and/or atosiban) for 1-5 days following surgery to control uterine irritability. Tocolytic medications were discontinued when uterine quiescence returned and at least 48 hours before experimental procedures.
Microorganism
On day 131 of gestation (range, 123-138 days), AF was inoculated with a low passage clinical isolate of U. parvum serovar 1 (10 7 colony-forming units [CFU]; n = 11) as a bolus at 1100
hours [33] .
AZI Treatment and Sampling
Rhesus monkeys received maternal AZI alone (12.5 mg/kg every 12 hours intravenously for 10 days; n = 5); or in combination with the antiinflammatory drugs dexamethasone (4 mg/kg/day intravenously for 4 days) and indomethacin (100 mg/day orally for 5 days; n = 5) after 6-8 days of U. parvum IAI and with a concomitant increase in uterine contractions and/or cervical dilation over a 24-hour observation period, as determined by a modified Bishop score [32] . Both groups were combined for the purpose of these analyses. Following the first maternal AZI dose, paired samples were taken from MP and AF for measurement of AZI concentrations at time 0 ( predose, prior to AZI treatment) 0.5, 1, 2, 3, 4, 6, 8, 12, and 24 hours, and then every 12 hours thereafter during the entire 10 day course of maternal AZI administration. Intensive sampling was repeated on day 10 following the final dose of AZI. Additional daily samples were collected after the last AZI dose until the onset of labor. To assess the placental-fetal transfer of AZI, intensive sampling of FP was scheduled following the first AZI dose, with limited serial samples collected throughout the treatment period. Fetal umbilical cord blood samples were paired with MP samples at delivery.
Culture and Detection of U. parvum AF samples were collected, stored at −80°C, and transported on dry ice to the Diagnostic Mycoplasma Laboratory at the University of Alabama at Birmingham for analysis by culture and polymerase chain reaction (PCR). Samples for quantitative culture were thawed and processed using 10B broth and A8 agar. Colonies of U. parvum were identified on A8 agar by typical colonial morphology and urease production in the presence of a CaCl 2 indicator, as previously described [34] . PCR was performed on batched specimens containing all samples from a single animal. The U. parvum primers used were directed toward the urease gene, using procedures previously described [35, 36] . Stringent precautions were used to prevent cross-contamination or PCR product carryover.
AZI Bioanalysis, Pharmacokinetics, and Pharmacodynamics
AZI pharmacokinetic studies were performed in the Division of Clinical Pharmacology at the University of Alabama at Birmingham. AZI was quantitated from 100 µL of plasma or AF, using a liquid-liquid extraction method coupled with highperformance liquid chromatography tandem mass spectrometry detection as previously described [31] . AZI concentration-time data were analyzed using noncompartmental methods and modeling. WinNonlin 5.3 (Pharsight, Mountain View, CA) was used for noncompartmental analyses. The area under the plasma concentration-time curve (AUC) was calculated using the linear-up/log-down trapezoidal rule. Maximum plasma concentration (C max ) and time to maximum concentration (T max ) were taken directly from the observed concentrationtime data. Oral clearance (CL/F) was calculated as dose divided by AUC τ . Terminal apparent distribution volume (V z /F) was calculated as dose divided by the product of the elimination rate constant (λ z ) and AUC τ . The elimination rate constant was determined by linear regression of the terminal elimination phase concentration-time points; elimination half-life (t 1/2 ) was calculated as ln(2)/λ z . Modeling was performed using ADAPT 5 [37] , in which a triexponential model describing the AZI disposition in MP with the central plasma compartment linked to an amniotic compartment was used. For plasma data, maximum likelihood estimation maximization parameter estimation was applied using literature values following intravenous AZI administration. Using a sequential approach, fitted plasma parameters were then fixed for each animal to estimate the AF parameters. MP and amniotic pharmacokinetic parameter estimates were plotted against the time to U. parvum eradication to explore concentration-response relationships, and an inhibitory maximum effect (E max ) model was used to determine the concentration required to eradicate 50% of ureaplasma from AF (EC 50 ).
RESULTS
A total of 10 animals received AZI treatment and had intensive plasma and amniotic AZI concentration-time data available following the first dose. Four animals had multiple dose (day 10) intensive plasma and amniotic concentration-time data available. Of the 6 animals not presented in the multiple dose data set, 2 received only 1 dose, 2 additional animals had only 3 or 4 days of dosing, and 2 animals did not undergo intensive sampling at day 10. Intensive sampling of FP was available for 2 animals. One had no samples collected, 1 had results that were all below the assay limit of detection, and the rest had only a single sample collected at various times after dosing, which were matched to MP samples. All animals received 12.5 mg/kg/ dose in 2 divided doses each day, except for 1 animal, which received 10 mg/kg/dose because of a dilution error. These data were included since the resulting concentration-time profile and C max fell within the range of animals that received the higher dose. No AZI pharmacokinetic differences were observed between the animals that received AZI alone and those that received AZI plus dexamethasone/indomethacin. Noncompartmental pharmacokinetic results are presented in Table 1 . Only animals with at least 3 concentration-time points in the AF compartment collected ≥24 hours after the dose were included, to more accurately assess the elimination phase. Not all animals underwent extended sampling, because they went into labor at different times during or after AZI administration. For the first dose group, 2 animals (controls) had samples collected out to 125 and 170 hours, for an average t 1/2 (±SD) of 156 ± 37 hours. In the multiple dose group, 3 animals had extended sampling (following the last dose on day 10) ranging from 72 to 289 hours, for an average t 1/2 (±SD) of 129 ± 59 hours (Table 1) .
Following a single dose, the MP AZI C max and the time to C max (T max ) are similar to that in humans receiving a single 500-mg intravenous infusion (approximately 7 mg/kg) [38] , although the AUC and t 1/2 were lower in rhesus monkeys ( Table 1) . Pharmacokinetic data are not available for steadystate intravenous doses in humans, but the MP t 1/2 (66 hours) in rhesus monkeys appears consistent with prior pharmacokinetic studies in humans that used oral dosing [39] . The AF AUC 12 was 0.22 µg×h/mL following the first dose and increased to 6.3 µg×h/mL at day 10, which was roughly equivalent to the corresponding MP AUC 12 of 7.4 µg×h/mL. The AF accumulation index was 16 over the 10-day treatment period, using the formula 1/[1-e (−λz*t) ]. By using the median ratio of steady-state (day 10; n = 3) AUC 12 to first-dose AUC 12 (n = 2), the accumulation index was 16.8. The AF C max increased from 0.05 to 0.7 mg/L over 10 days. FP was scheduled to be collected concurrently with MP at delivery, and data were available for 9 animals following multiple dosing. At a median time of 76.5 hours (range, 4.3-106 hours) after the dose, the MP:FP raw concentration ratio was 3.2 (range, 1.3-9.6). Two animals underwent 12-hour intensive pharmacokinetic sampling for MP and FP following the first dose. The MP:FP AUC 12 ratios were 31 and 24.
One-, 2-, and 3-compartment models were created in the attempt to fit the data. Ultimately, a 3-compartment MP model with a rate constant between the central and AF compartments was used because it best captured the long terminal phase in animals with extensive sampling. AZI plasma concentrations following the first dose and at day 10 and the simulated model fits are presented in Figure 1A and 1B. Figure 2A and 2B depict the AZI AF concentrations following the first dose and at day 10 with the simulated model fit. The modeled AF half-lives following the first dose and at day 10 were 153 hours and 113 hours, respectively. The modeled AF clearance (CL) was 0.37 L/hour following the first dose and 0.21 L/hour at day 10. Simulations suggest that the model fits were adequate, as evidenced by modest interindividual parameter variability and nearly all of the data points for MP and AF falling within the 10th-90th percentile of the simulated concentration-time curves (Figures 1 and 2) .
Concentration-response relationships between maternal and AF pharmacokinetic parameters and changes in the number of Data are mean ± standard deviation where available. Sample size is 10 for rhesus maternal plasma first dose and 4 for multiple dose.
Abbreviations: AF, amniotic fluid; AUC 12 , area under the concentration-time curve after 12 hours; C max , maximum concentration; MP, maternal plasma; T max , time to maximum concentration; t 1/2 , elimination half-life. a Data are for a single 500-mg dose [38] .
b Generated from noncompartmental analysis.
c The first dose and multiple dose t 1/2 in amniotic fluid is based on data from 2 and 3 animals, respectively, who underwent extended sampling following that dose. First dose C max and T max are from 10 animals. For the remaining parameters in the amniotic fluid, the sample size is 4 animals each. CFU per milliliter of U. parvum in AF were explored using a sigmoid inhibitory E max model ( Figure 3) . No maternal pharmacokinetic parameters were related to changes in the number of CFU per milliliter over time (data not shown). The only clinically meaningful relationship was the AF C max versus the time to eradication of U. parvum in the AF, as quantitated by CFU.
One animal was not included in the analysis as it went into early labor on day 3 of AZI treatment and U. parvum had not yet been eradicated. The AZI C max required to eradicate 50% of U. parvum (EC 50 ) from the AF was 29 ng/mL, and the maximum drug induced effect (E max -E 0 , where E 0 is the baseline effect) occurred at 4 days. By using the E max model parameters, the EC 95 was calculated to be 39 ng/mL (0.039 µg/mL). The minimum inhibitory concentration (MIC) of the U. parvum isolate used in these studies (measured at pH 6.0, which is necessary to grow ureaplasmas in vitro) was 0.5 µg/mL, as measured by broth microdilution [34] .
DISCUSSION
We used a chronically catheterized rhesus monkey model of U. parvum IAI to determine the transplacental pharmacokinetics of maternal AZI therapy. Our results indicate that maternal AZI administration (25 mg/kg/day) effectively reduce AF U. parvum colony counts to 5% of pretreatment levels within 24 hours, with maximal eradication of Ureaplasma within 6-7 days. Placental and fetal tissues were culture and PCR negative in 90% of cases [31] . Since AZI was administered by intravenous infusion, maternal peaks were concomitant with the administration of drug, whereas it took 5-8 hours for the AZI levels in AF to reach C max . This offset is likely a direct reflection of the time it took for the drug to distribute through multiple tissues, including the placenta and fetal tissues, before being excreted into the AF. The ability of AZI to traverse the placental barrier and provide therapeutic benefit in the intrauterine environment in humans with ureaplasmal infection has been a source of controversy. Human studies have relied on single doses of AZI administered to multiple subjects before delivery or placental perfusion in vitro [16, 17] . Our study is the first to evaluate multiple doses of AZI and multiple sampling times for both MP and AF in pregnant non-human primates infected with U. parvum. The MP concentrations measured were higher than those achieved in humans by using standard oral dosing, with first dose C max values ranging from 1.4 to 5.3 μg/mL in this study, compared with 0.5 ± 0.2 μg/mL following a single 500-mg oral dose in humans [40] . Following 1000-mg single oral doses in women scheduled for elective cesarean section, the peak concentrations in plasma (311 ng/mL) and AF concentrations at 12 hours (30 ng/mL) were consistent with the findings in this current study [16] . With repeated dosing, sustained levels of AZI (range, 75-300 ng/mL) were achieved for 10 days in the maternal circulation and AF. Pharmacokinetic modeling helped confirm that the rate of AZI clearance in the AF compartment was slow, resulting in significant accumulation over time (Figure 2A and 2B) . A slow decay and prolonged t 1/2 of AZI in the amniotic cavity is evidence for extended tissue penetration/accumulation and subsequent output in fetal urine. Pharmacodynamic modeling was used to describe the relationship between the concentration of AZI achieved in AF following the first dose and the reduction of U. parvum (as described by the number of CFU per milliliter). The EC 95 was 39 ng/mL, and the average C max in AF following the first dose was 50 ng/mL (Table 1) , but by day 10 the average C max increased to 700 ng/mL. While the single AZI dose of 12.5 mg/kg every 12 hours achieves average maximum concentrations within the range needed to sterilize the intrauterine compartment from U. parvum in some animals, these data suggest that multiple doses allowing for drug accumulation in AF may be required in humans. As seen in Figure 2A , the best model fit for AF concentrations did not achieve the modeled EC 95 following a single dose. But by day 10, all AZI concentrations exceeded this value ( Figure 2B ). Further studies will be needed to refine the optimum dose to be administered that achieves sterilization of the intrauterine compartment while using the shortest duration of therapy and that minimizes any potential adverse events. The MIC of U. parvum isolates in this study was 0.5 µg/mL (500 ng/mL). This MIC is clearly much higher than the in vivo modeled EC 95 (39 ng/mL) required for eradication. The broth microdilution assay requires a pH of 6.0 in order for Ureaplasma MIC end points to be read [34] . The pH of AF is approximately 7.0 to 7.5 [40] . At this AF pH, it is likely that U. parvum susceptibility is considerably greater (lower MIC value) [41] . Importantly, AZI is bound to plasma protein in a concentrationdependent manner; from 51% at 20 ng/mL to 7% at 2000 ng/mL [39] . AF has considerably less protein components relative to plasma or serum [42, 43] , so it is also likely that free AZI concentrations will be higher in this compartment, resulting in increased susceptibility (lower MIC). Additionally, the intraamniotic pH is further elevated to ≥8.0 because of the production of ammonia by U. parvum infection itself (P. L. Grigsy, unpublished data). Taken together, the uniqueness of AF may create an environment where the susceptibility of U. parvum to AZI is considerably greater than suggested by the in vitro broth microdilution method.
This work provided the first model of transplacental transfer of AZI into the intrauterine environment. The net accumulation of AZI in AF over the dosing interval is explained by the rate of transfer into AF exceeding the rate of clearance from that compartment. It is likely that the sterilization of the intrauterine environment, including fetal tissues (lung), is aided by this accumulation. Based on the transplacental pharmacokinetics of AZI and the pharmacodynamic response of U. parvum to AZI measured in the AF, it is likely that sterilization of this compartment can be achieved if the mother is treated with an adequate dose, dosing interval, and duration of therapy. Alternative dosing strategies that achieve rapid and elevated AZI concentrations in the intrauterine environment should be explored.
Notes
